Interdiffusion coefficients on the group V sublattice of GaAs were determined in GaAsP/GaAs and GaAsSb/GaAs superlattices. Strained GaAs 0.86 P 0.14 /GaAs, GaAs 0.8 P 0.2 /GaAs 0.975 P 0.025 and GaAs 0.98 Sb 0.02 /GaAs superlattices were annealed between 850°C and 1100°C under different arsenic vapor pressures. The diffusion coefficient was measured by secondary ion mass spectroscopy and cathodoluminescence spectroscopy. The interdiffusion coefficient was higher under arsenic-rich conditions than under gallium-rich conditions, pointing to an interstitial-substitutional type of diffusion mechanism.
I. INTRODUCTION
Besides silicon, gallium arsenide ͑GaAs͒ is the semiconductor with the best developed processing technology. The most important p-type dopants in GaAs nowadays are Zn and Be. Their high diffusion coefficients limit the performance of devices when steep and narrow profiles are crucial. Furthermore, the maximum doping concentrations are relatively low, especially in the case of Be. Recently, carbon has been shown to be a possible candidate for a p-dopant with low interdiffusion coefficient and high solubility. [1] [2] [3] [4] [5] Up to concentrations of 10 19 cm
Ϫ3
, carbon is mainly substitutionally dissolved on the arsenic sublattice. Contrary to the case of Zn and Be, the diffusion mechanism of carbon on the arsenic sublattice has not been determined unambiguously although it is known from its arsenic pressure dependence that it probably involves a substitutional-interstitial mechanism. 6 Understanding self-diffusion processes on the arsenic sublattice would certainly help in further determining the carbon diffusion mechanism in GaAs. Presently, there exist only a few sets of data on diffusion of the arsenic sublattice of GaAs. In-diffusion of radioactive arsenic isotopes into GaAs was performed to obtain arsenic self-diffusion data. 7, 8 These experiments led to first estimates of the selfdiffusion coefficient of arsenic in GaAs and indicated that arsenic self-diffusion is governed by a vacancy mechanism. The results lead to different activation energies and are partly contradictory. Therefore it is highly desirable to obtain more extensive and reliable data on diffusion processes on the arsenic sublattice.
Contrary to the case of diffusion on the arsenic sublattice, diffusion processes on the gallium sublattice were studied extensively. 9 Especially useful have been interdiffusion studies of Al x Ga 1Ϫx As/GaAs superlattices. Because the Al diffusion coefficient in GaAs is very close to that of gallium, the Ga-Al interdiffusion data approximate that of gallium self-diffusion. 10 Furthermore, the lattice constants of gallium and aluminum differ only by 0.2%, allowing the growth of almost strain-free superlattices without misfit dislocations.
Extending the method of superlattice interdiffusion on the group III sublattice to the group V sublattice of GaAs, the problem arises that there is no group V element which replaces arsenic without changing the lattice constant significantly. Closest to arsenic are the smaller phosphorus and the larger antimony atoms. The respective lattice constants of GaP and GaSb are 3.5% smaller and 8.0% larger than the lattice constant of GaAs. The lattice misfit to GaAs can be reduced by using the ternary alloys GaAs 1Ϫx P x and GaAs 1Ϫx Sb x with x Ͻ 1.
In the present study, strained GaAsP/GaAs and GaAsSb/ GaAs superlattices were grown. The quality of the superlattice structures was examined using transmission electron microscopy ͑TEM͒. The interdiffusion coefficient was determined conventionally by secondary ion mass spectroscopy ͑SIMS͒ and, for the first time, also by cathodoluminescence spectroscopy ͑CL͒. Diffusion anneals were carried out between 850 and 1100°C and various arsenic vapor pressures.
II. EXPERIMENT
The superlattices were grown by metal-organicchemical-vapor deposition using commercial horizontal reactors. The substrate temperature during growth was 650°C for the GaAsP/GaAs superlattice and 525°C for the GaAsSb/GaAs superlattice. Gas sources used for the growth of GaAs layers were tertiarbutylarsine and triethylgallium. The ternary alloys GaAsP and GaAsSb were grown by adding phosphine and trimethylantimony, respectively. The chamber pressure was 50 mbar in the case of the GaAsP/ GaAs superlattice and 100 mbar for the GaAsSb/GaAs superlattice. The nominal ͑100͒-GaAs substrates possessed sur- faces tilted toward ͑110͒ by an angle of 2°, which resulted in an improved surface morphology of the epitaxial layer in comparison to GaAs wafers exactly oriented in the ͑100͒-direction. No dopants were added intentionally during the growth of the layers. The characteristic parameters of the superlattice structures investigated are given in Table I . To prevent decomposition of the superlattices during the diffusion anneals all superlattice structures were protected by a capping layer of GaAs 1Ϫx P x for the GaAs 1Ϫx P x /GaAs superlattice and GaAs for the GaAs 1Ϫx Sb x /GaAs superlattice. The band gap of the capping layer was the same as the band gap of the superlattice barriers to prevent strong absorption of the emitted near-band-edge light of the superlattice wells. Exactly 2.5% of phosphorus was added to the wells of the GaAs 0.8 P 0.2 /GaAs 0.975 P 0.025 superlattice to clearly distinguish between the luminescence signal of the GaAs substrate and the emission out of the superlattice.
The strained GaAsP/GaAs and GaAsSb/GaAs superlattices have to fulfill various conditions so as to be useful for the measurement of interdiffusion coefficients. The product of growth temperature and growth time had to be sufficiently small for sharp interfaces. Additionally, the superlattice period should be resolvable by SIMS profiling and the P or Sb concentrations must be high enough to give measurable shifts in the emitted spectra. The thickness of the layers was confirmed by TEM and SIMS. The P and Sb concentrations were derived from the CL spectra of superlattices with completely homogenized concentration profiles.
For the annealing treatments all superlattice samples were put together with metallic arsenic in quartz ampoules and sealed off after evacuation to a pressure of 10 Ϫ5 mbar. The sealed quartz ampoules were annealed in a box furnace. The annealing time was varied between a few minutes and 24 hours and the arsenic vapor pressures spanned the whole range from the gallium-rich case ͑no arsenic-addition͒ to the arsenic-rich case ͑10 bar of As 4 ). After the diffusion anneals, the ampoules were quenched in water.
CL spectroscopy and microscopy at temperatures of liquid nitrogen and helium were performed with a commercial Oxford MonoCL system attached to a JEOL 840 scanning electron microscope. As detector a Hamamatsu photomultiplier tube was used. The sensitivity of the photomultiplier had its maximum near the band edge of GaAs at low temperatures. P-and Sb-concentration SIMS profiles were measured by a commercial Cameca IMS 4f equipment. For the transmission electron microscopy a JEOL 4000 EX with an acceleration voltage of 400 kV was used.
III. PROCEDURE FOR DETERMINING THE INTERDIFFUSION COEFFICIENT
The interdiffusion coefficient for the superlattice governs the development in time (t) of the concentration profiles c(t,x) of phosphorus and antimony. As all diffusion profiles measured by SIMS showed no significant deviation from the standard diffusion profile, a position, time and composition independent diffusion coefficient was assumed, leading to Fick's second law:
In Eq. ͑1͒ c(x,t) is the P or Sb concentration.
Interdiffusion of superlattices with different phosphorus concentrations showed no measurable influence of composition or strain in the regime between 1% and 20% phosphorus. From the measured concentration profile c(x,t 1 ) at a certain time t 1 a diffusion coefficient D inter can be determined by a proper fitting procedure, taking into account the solution of Fick's second law for the initial P-and Sbconcentration profiles after growth.
While SIMS directly revealed the concentration profile of the superlattices, the energy of the superlattice nearband-edge transition was used in the CL spectra to calculate the diffusion profiles. To link the near-band-edge energy to the concentration the following empirical relations 11, 12 for the band gap energy of the ternary alloys GaAs 1Ϫx P x and GaAs 1Ϫx Sb x have been used:
The temperature dependence of the band gap energy of GaAs ͑E GaAs ) has to be taken into account, to obtain correct absolute values of the band gap.
The investigation of interdiffusion by CL relies on the fact that the near-band-edge recombination from the superlattice has the energy of the minima of the band gap within the superlattice. Thus, there is a one-to-one relation between the energy of the light emitted from the lower band gap region and the diffusion coefficient as long as c͑x min ,tϭϱ ͒Ͼc͑ x min ,t ͒Ͼc͑ x min ,tϭ0 ͒ ͑4͒
holds. c(x min ,tϭϱ) is the concentration of a completely homogenized superlattice. Condition ͑4͒ defines desirable annealing parameters which allow us to determine the interdiffusion coefficient with reasonable accuracy. Diffusion time and diffusion temperature have to be chosen in such a way that the diffusion length is in the order of the length of a superlattice period. If the diffusion length is much shorter or much longer, the diffusion profile or near-band-edge emission cannot be used to determine the diffusion coefficient accurately. The influence of quantum size effect and strain on the band gap energy can be evaluated by noticing that the superlattice layers with the band gap minima are under tensile stress. For a layer under tensile stress the band gap energy is decreased. 13 The opposite holds for the energy shift due to the quantum size effect. Because both energy shifts are in the same order of magnitude, the energy shift due to the quantum size effect can be used as an upper limit of the error made in neglecting strain and quantum size effect. For a quantum well of 15 nm-the thinnest superlattice layer investigated-the energy shift is about 15 meV if the band offset is concentrated in the valence band of the superlattice. After combining the solution of Fick's second law ͓Eq. ͑1͔͒ with the band gap to concentration dependence ͓Eq. ͑2͒ or Eq. ͑3͔͒ the relation between the diffusion coefficient and the band gap energy can be obtained.
IV. RESULTS
All superlattices investigated were strained. But the thickness of the superlattices was always below the critical thickness for the generation of misfit dislocations. Nevertheless, under the optical microscope in differential contrast mode a weak cross-hatched pattern could be seen for the GaAsP/GaAs superlattices for the highest P concentrations. To evaluate the density of extended defects TEM investigations in plane view and cross section were performed. The cross sections of the epilayers revealed that almost all observed misfit dislocations were at the buffer/superlattice and cap-layer/superlattice interface. Even the highly strained GaAs 0.86 P 0.14 /GaAs superlattice was free of dislocations in the superlattice area ͑Fig. 1͒. The good quality of the asgrown superlattices, a prerequisite for a high CL luminescence signal, is also reflected by the small full width at half maximum ͑FWHM͒ of the CL spectra peaks. The few misfit dislocations lying between other than the first or last superlattice layers led to dark line defects in the CL micrograph. The density of these dark line defects was determined to be on the order of 10 cm Ϫ1 to 100 cm
Ϫ1
. These numbers are upper limits for the misfit dislocation density.
An arsenic vapor pressure of less than 0.1 bar and a temperature above 950°C during annealing resulted in decomposition of the epilayer due to evaporation of the volatile group V species in the III-V compound. Since As/P ӷ 1 or As/Sbӷ1, evaporation is dominated by arsenic. Some SIMS profiles showed partially evaporated cap layers. For all temperatures almost no degradation of the superlattices was observed at arsenic vapor pressures higher than 1 bar and diffusion times less than 1 h. The evaporation started at surface inhomogeneities like the cross-hatched pattern. To prevent degradation of the surface, it is a common practice to use capping films like SiO 2 and Si 3 Ni 4 . For InGaAsInGaAsP quantum well laser structures it was shown that the capping layer had no influence on the P vapor pressure dependence of the interdiffusion coefficient.
14 Nevertheless, these films maintain the sample in an arsenic-rich composition. This is equivalent to using a high arsenic vapor pressure in the annealing ambient. Since the capping layer is fairly impermeable to point defects, there might be some transition time during diffusion before the point defect concentrations reach their thermal equilibrium values. This may result in an undefined arsenic vapor pressure during the diffusion anneal. 9 In the present experiments, samples without a SiO 2 or Si 3 N 4 protection layer were used. This should have allowed the results to be in accordance with the ambient arsenic vapor pressures. 9 Since the SIMS profiles did not show significant indications of a position-dependent diffusion coefficient, it can be assumed that the whole superlattice structure is in equilibrium with the As pressure outside the wafer. No degradation was observed for diffusion temperatures below 950°C.
Typical SIMS and CL spectra are given in Fig. 2 for the GaAs 1Ϫx P x /GaAs superlattice. Figure 2͑a͒ shows the SIMS profile of the as-grown superlattice sample, the case of slight interdiffusion after 1 h annealing at 950°C and the completely homogenized concentration profile after 1 h annealing at 1050°C. At 1050°C the thickness of the cap layer is reduced because of partial evaporation. For 950°C and 1050°C the CL spectra of the same superlattice samples are shown. Additionally, the case of ''medium interdiffusion'' at 1000°C is given.
The influence of the arsenic vapor pressure for both, the Sb-As and the P-As interdiffusion is indicated in Fig. 3 . SIMS profiles are given for the GaAs 0.98 Sb 0.02 /GaAs superlattice, CL spectra are shown for the GaAs 0.8 P 0.2 / GaAs 0.975 P 0.025 superlattice. The interdiffusion of the GaAsSb/GaAs superlattices as well as the GaAsP/GaAs superlattices show a strong dependence on the arsenic vapor pressure. In both cases the interdiffusion is enhanced for higher arsenic vapor pressures. The SIMS profiles of the GaAsSb/GaAs superlattice show that for a given temperature and time the diffusion length can change from almost no measurable interdiffusion to almost complete interdiffusion of the superlattice by the variation of the arsenic vapor pressure. This is equivalent to an interdiffusion coefficient change of at least one order of magnitude.
The interdiffusion coefficients of the GaAs 0.86 P 0.14 / GaAs and the GaAs 0.8 P 0.2 /GaAs 0.975 P 0.025 superlattice for different diffusion temperatures at 1 bar arsenic vapor pressure are shown in Fig. 4 . All interdiffusion coefficients were calculated from superlattices which were annealed for 1 h, except for the interdiffusion at 1100°C where the superlat- tice had been annealed for 10 min. Longer interdiffusion times lead to completely intermixed superlattices, so that no interdiffusion coefficient could be calculated. For slightly intermixed superlattices the determination of the interdiffusion coefficient was limited by the resolution of the SIMS and CL spectra.
For the lower interdiffusion temperatures, the interdiffusion coefficient calculated from the 1 h measurements was compared with the values taken from superlattices annealed for longer times. The interdiffusion coefficient for all annealing times was similar and clearly in the range of the error bars given in Fig. 4 .
Most interdiffusion coefficients were determined by SIMS and CL independently. The two methods yielded measured diffusivity values in the same sample within a factor of less than 2. The error bars were calculated taking into account the error of CL and SIMS. The error for CL is dominated by the broad peak of the CL spectra and the error of the quantum size effect and the strain. For SIMS the intrinsic resolution of SIMS in GaAs and the roughness of the superlattice samples after annealing has to be taken into account. For the calculation of the error bars a SIMS resolution of about 5 nm was assumed. The straight line is the fit of the interdiffusion coefficients. This corresponds to an activation energy of 4.1 eV and a preexponential factor of 4.0 cm 2 s
. In the same plot the values for the arsenic self-diffusion coefficient 7, 8 and the P in-diffusion coefficient 15 known from literature are shown for comparison. Obviously, the interdiffusion coefficient is in the same order of magnitude as the arsenic self-diffusion coefficient. The P in-diffusion coefficients are about four orders of magnitude higher. The interdiffusion coefficient of the GaAs 0.98 Sb 0.02 /GaAs superlattice was slightly higher than the values of the superlattice shown in Fig. 4 , but nevertheless inside the range of the error bars.
The microscopic diffusion mechanisms for the superlattice interdiffusion are governed by point defects. The equilibrium point defect concentrations are determined by the group V vapor pressures. 16 Because of the low P and Sb concentrations in the epilayers, the dominating species for the equilibrium point defect concentration is arsenic. For example, in equilibrium, raising the arsenic vapor pressure leads to a decrease of the group V vacancy concentration and an increase of the concentration of arsenic self-interstitial atoms. 9 If diffusion takes place via a vacancy mechanism, the diffusion coefficient decreases with increasing arsenic vapor pressure. In contrast, for substitutional-interstitial mechanisms the diffusion can become faster at higher arsenic vapor pressures. Therefore, the arsenic vapor pressure dependence of the interdiffusion coefficient allows one to draw a conclusion on the microscopic diffusion process.
In Fig. 5 the arsenic vapor pressure dependence of the interdiffusion coefficients for the GaAs 0.86 P 0.14 /GaAs superlattice and the GaAs 0.8 P 0.2 /GaAs 0.975 P 0.025 superlattice are plotted. The absolute values of the interdiffusion coefficients cannot be compared in that plot, because the diffusion anneal was made at 1000°C for the GaAs 0.86 P 0.14 /GaAs superlattice and at 925°C for the GaAs 0.8 P 0.2 /GaAs 0.975 P 0.025 superlattice. The interdiffusion coefficient of the GaAs 0.86 P 0.14 /GaAs superlattice shows a P As 4 m dependence, with m positive and in the range of about 1/4. In Fig. 5 the arsenic vapor pressure dependence of the GaAs 0.98 Sb 0.02 /GaAs superlattice interdiffusion coefficient is shown, too. In this case the vapor pressure dependence can be described by m Ϸ 1/3. The error bars in the figures were calculated according to the previous discussion. It is clear that the sign of the arsenic vapor pressure dependence is always positive. Published data on the vapor pressure dependence of arsenic self-diffusion by Palfrey et al. 7 are also plotted in Fig. 4 and Fig. 5 and clearly show a negative pressure dependence. P in-diffusion in monocrystalline GaAs 15 also shows a decrease with increasing arsenic vapor pressure ͑Fig. 4͒. Possible interpretations of these apparently conflicting experimental results will be discussed in the following section.
V. DISCUSSION
The arsenic vapor pressure dependence of the interdiffusion coefficients in the GaAsP/GaAs and GaAsSb/GaAs superlattices presented in this paper is just opposite to that of arsenic self-diffusion 7, 8 and the in-diffusion of phosphorus into GaAs. 15 In addition, the in-diffusion of phosphorus is many orders of magnitude larger than the interdiffusion of phosphorus in the superlattices. All these experimental observations cannot be rationalized in terms of a simple and straightforward model of arsenic self-diffusion and phosphorus diffusion in gallium arsenide.
The arsenic vapor pressure dependence of arsenic selfdiffusion indicates that it is dominated by a vacancy mechanism. 7 The same arsenic vapor pressure dependence of phosphorus diffusion and the fact that phosphorus indiffusion is much faster than arsenic self-diffusion indicates that phosphorus diffuses via an extended vacancy mechanism P As ϩV As ⇔͑P As V As ͒, ͑5͒
involving a fast diffusing P As -V As complex. This fast diffusing complex leads to such a high diffusion flux that a high supersaturation of V As is likely to develop, as suggested for an analogous mechanism for Zn and Sn in GaAs. 17 Depending on the presence of sinks for the supersaturated vacancies, different kinds of profiles analogous to the kick-out diffusion of gold 18 or zinc 19 in silicon may develop. For the interdiffusion experiments no external source of phosphorus was available. Therefore we deal with the case of ''out-diffusion'' 20 analogous to the case of Zn or Be in GaAs which diffuse via the kick-out mechanism on the gallium sublattice. Since Eq. ͑5͒ is mathematically equivalent to the kick-out mechanism, we expect that a severe undersaturation of vacancies will develop which will slow down the phosphorus diffusion so much that it will be dominated by the supply of vacancies which is governed by arsenic self-diffusion. The arsenic pressure dependence of such an interdiffusion process has not yet been dealt with theoretically in the literature. Under the conditions of ''outdiffusion'' a parallel diffusion process via the FrankTurnbull mechanism P As ⇔P i ϩV As , ͑6͒
where P i indicates a fast diffusing phosphorus interstitial, may also play a role. The Frank-Turnbull mechanism will give rise to the arsenic pressure dependence observed for the phosphorus interdiffusion case. We are presently investigating by numerical simulations whether a combination of Eqs. ͑5͒ and ͑6͒ may explain the complex diffusion behavior and pressure dependence of phosphorus diffusion and arsenic self-diffusion in GaAs. Analogous considerations should hold for the diffusion mechanism of Sb in GaAs. Independent of the details of the diffusion mechanisms of phosphorus and antimony, we have found no indication of an essential involvement of arsenic self-interstitials. We therefore conclude that the observed arsenic vapor pressure dependence of carbon diffusion in GaAs which favors a substitutional-interstitial mechanism as mentioned in the introduction, has to be explained in terms of the FrankTurnbull mechanism C As Ϫ ⇔C i Ϫ ϩV As , ͑7͒
involving arsenic vacancies and negatively charged carbon interstitials. The negative charge is required to account for the fact that the carbon diffusion coefficient is essentially independent of the carbon concentration.
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VI. CONCLUSION
Both cathodoluminescence spectroscopy and SIMS analysis were used to investigate interdiffusion in GaAsP/ GaAs and GaAsSb/GaAs superlattices. We have shown that the interdiffusion coefficients are increasing with increasing arsenic pressure during interdiffusion. The interdiffusion coefficients are on the same order of magnitude as published arsenic self-diffusion coefficients. The observed dependence of the interdiffusion coefficient on the arsenic vapor pressure is opposite to that observed for arsenic self-diffusion 7 and P in-diffusion. 15 We suggest that a combination of a vacancy diffusion mechanism involving fast diffusing complexes between phosphorus ͑or antimony͒ and arsenic vacancies and the Frank-Turnbull mechanism may be used to explain the complex arsenic pressure dependence and diffusion behavior of phosphorus diffusion and arsenic self-diffusion in GaAs. We also conclude that carbon in GaAs diffuses via the Frank-Turnbull mechanism involving arsenic vacancies and negatively charged carbon interstitials. Clearly a detailed numerical analysis is still required before final conclusions can be drawn.
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